Growth of long bones occurs at the growth plate, a layer of cartilage that separates the epiphysis from the metaphysis. Growth plate exhibits spatial polarity. Proliferative chondrocytes undergo terminal differentiation when they approach the metaphyseal, but not the epiphyseal, border of the growth plate. The adjacent bone also exhibits spatial polarity. Metaphyseal, but not epiphyseal, blood vessels and bone cells invade the adjacent growth plate, remodeling it into bone. As a result, the metaphysis, but not the epiphysis, elongates over time. To determine whether cartilage polarity determines bone polarity and/or whether bone polarity determines cartilage polarity, rabbit distal ulnar growth plates were excised, inverted, and reimplanted in their original beds. Thus, cartilage polarity was inverted relative to bone polarity. Histological examination showed that the inverted cartilage polarity was maintained over time. In contrast, the polarity of the adjacent bone reversed after surgery, to match that of the cartilage. Blood vessel and bone cell invasion ceased in the metaphysis and arose in the epiphysis. Longitudinal bone growth (measured with weekly radiographs) occurred at the epiphyseal, not at the metaphyseal, surface of the growth plate. We conclude that the polarity of growth plate cartilage is determined by intrinsic factors. The cartilage polarity then determines the polarity of the adjacent bone and, consequently, the functional polarity of longitudinal bone growth. (Endocrinology 140: 958 -962, 1999) D URING mammalian development, the long bones are formed initially of cartilage (1). Primary centers of ossification form near the centers of these cartilage templates and spread outward, transforming the diaphyses and metaphyses into bone. Secondary centers of ossification develop near the ends of the templates, remodeling the epiphyses into bone. Continued enlargement of these ossification centers replaces most of the cartilage with bone. However, the primary and secondary centers of ossification remain separated by a thin layer of cartilage, which persists into early postnatal life, the growth plate (Fig. 1) .
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URING mammalian development, the long bones are formed initially of cartilage (1) . Primary centers of ossification form near the centers of these cartilage templates and spread outward, transforming the diaphyses and metaphyses into bone. Secondary centers of ossification develop near the ends of the templates, remodeling the epiphyses into bone. Continued enlargement of these ossification centers replaces most of the cartilage with bone. However, the primary and secondary centers of ossification remain separated by a thin layer of cartilage, which persists into early postnatal life, the growth plate (Fig. 1) .
The cartilaginous growth plate is organized into three functionally and structurally distinct layers, the resting, proliferative, and hypertropic zones (2) . The resting zone lies nearest the epiphysis. The chondrocytes in this zone are irregularly arranged in a bed of cartilage matrix and rarely divide. Further toward the metaphysis, in the proliferative zone, the chondrocytes show a flattened shape and are arranged in columns oriented parallel to the long axis of the bone. When proliferative zone chondrocytes divide, the daughter cells line up along the long axis of the bone. Thus, the cell columns represent clones of chondrocytes (3) . The proliferative chondrocytes furthest from the epiphysis stop replicating and instead enlarge to become hypertropic chondrocytes. These terminally differentiated cells form a layer adjacent to the metaphysis, termed the hypertropic zone (4, 5) .
Growth plate chondrocyte proliferation, hypertrophy, and extracellular matrix secretion lead to the formation of new cartilage, chondrogenesis. In isolation, this process would lead to progressive widening of the growth plate. However, simultaneously, the metaphyseal border of the growth plate is invaded by blood vessels and bone cell precursors, which remodel the cartilage into bone (6) . The longitudinal septa of the growth plate cartilage serve as scaffolding for deposition of new bone matrix (2, 3) .
Normally, chondrogenesis and ossification are tightly coupled so that the height of the cartilage growth plate remains constant as the metaphyseal bone elongates. However, chondrogenesis and ossification can be experimentally dissociated. For example, Vu et al. recently showed that targeted mutations in the MMP-9 gene block ossification of growth plate cartilage in mice, causing unossified hypertropic cartilage to accumulate at the metaphyseal surface of the growth plate (7). Thus, chondrogenesis and ossification are distinct processes that require active coupling.
The columns of growth plate chondrocytes maintain spatial polarity. Proliferative zone chondrocytes near the metaphyseal, but not the epiphyseal, end undergo terminal differentiation to become hypertropic chondrocytes (4) . The mechanisms maintaining this spatial polarity are not known. Similarly, the bone adjacent to the growth plate exhibits spatial asymmetry or polarity. Blood vessels, mesenchymal cells, and osteoclasts invade the cartilaginous growth plate from the metaphyseal, but not the epiphyseal, surface. As a result, new bone is formed at the metaphyseal, but not the epiphyseal, border (6) . Thus, histological examination shows that the metaphyseal region contains columns of cartilage partially transformed into bone, whereas the epiphyseal region contains mature trabecular bone. The mechanisms maintaining the functional and structural polarity of the bone are also not known.
To determine whether cartilage polarity determines bone polarity and/or whether bone polarity determines cartilage polarity, cartilaginous growth plates were surgically excised from the distal ulnae of 4-week-old rabbits, inverted, and reimplanted in the original beds (8) . Thus, cartilage polarity was reversed relative to bone polarity. As a control, other growth plates were excised and reimplanted in the normal orientation. During the 3-week period of observation following surgery, the bone histology was examined to determine whether the cartilage polarity had reversed to match bone polarity and/or whether the bone polarity had reversed to match cartilage polarity. We also assessed longitudinal bone growth to determine whether it had occurred normally at the metaphyseal surface of the growth plate or whether it had occurred ectopically at the epiphyseal surface.
Materials and Methods

Surgical procedure
The experimental protocol was approved by the animal care committee, NICHHD, NIH. Four-week-old male New Zealand White rabbits were purchased from Covance Laboratories, Inc. (Denver, PA). General anesthesia was administered as previously described (9) . The rim of the distal ulnar growth plate was exposed subperiosteally for one third of its circumference. The metaphyseal margin of the growth plate was broken from the shaft by manual pressure. This provided a constant line of separation through the hypertropic zone near the metaphyseal edge (8) . The cartilaginous growth plate was then isolated by making an incision along its epiphyseal margin with a small scalpel blade. The surfaces of the metaphyseal and epiphyseal bone were scraped with a curette to remove any remaining cartilage.
Some of the excised growth plates were inverted, reinserted into their original beds, and fixed with an ethylon suture to the metaphysis and the epiphysis. As a control, other growth plates were excised and reimplanted in the normal orientation.
Growth rate measurement
During surgery, two pins were placed in each ulna, as previously described (10) . Both pins were inserted parallel to the growth plate. One pin was placed in the bony metaphysis approximately 2-3 mm proximal to the growth plate. A second pin was placed in the bony epiphysis approximately 2-3 mm distal to the growth plate (Fig. 1) . The incision was closed by suturing the skin.
Serial radiographs of the ulnae were obtained on postoperative days 0, 7, 14, and 21 by a modification of methods previously described (10) . The rabbits were sedated with an injection of ketamine hydrochloride (30 mg/kg) plus xylazine (6.6 mg/kg). Each animal was placed in the prone position on an x-ray cassette. Two replicate radiographs of each animal were obtained at each time point. The radiographs were examined under a dissecting microscope, and distances were measured using a filar eyepiece micrometer. The distance between the epiphyseal pin and the epiphyseal edge of the growth plate was measured to assess epiphyseal growth (Fig. 1) . The distance between the metaphyseal pin and the metaphyseal edge of the growth plate was measured to assess metaphyseal growth (Fig. 1) . The distance between the two pins was measured to determine total longitudinal bone growth (Fig. 1) . The measurements were made parallel to the long axis of the ulna using the blunt ends of the pins.
Histology
The animals were killed with pentobarbital at 0, 1, 2, or 3 weeks. The distal ulnae were removed and fixed in formalin, decalcified with EDTA, and embedded in paraffin. Longitudinal 5-m sections were cut and stained with Masson trichrome stain.
Samples obtained immediately after surgery (0 weeks) were used to assess the surgical technique. The planes of surgical excision were readily identified on longitudinal sections. Essentially no growth plate cartilage remained attached to the epiphyses or metaphyses. There was also essentially no metaphyseal bone that had remained attached to the hypertropic zone. Thus, the proximal plane of cleavage must have occurred precisely between the hypertropic zone and the metaphysis as planned. There were, however, remnants of epiphyseal bone still attached to the resting zone in some areas. In other areas, the distal plane of cleavage precisely separated the epiphysis from the resting zone.
Statistical analysis
The measurements from the replicate radiographs at each time point were averaged. Statistical significance was determined by Student's t test. Data are expressed as the mean Ϯ sem.
Results
Growth rate
During the 3-week period of observation following surgery, total longitudinal bone growth (measured radiographically; Fig. 1 ) occurred in distal ulnae containing noninverted growth plates (mean Ϯ sem, 7.0 Ϯ 0.5 mm; n ϭ 4; P Ͻ 0.001 vs. zero growth; Fig. 2 ) and in distal ulnae containing inverted growth plates (2.4 Ϯ 0.5 mm; n ϭ 4; P Ͻ 0.02 vs. zero   FIG. 1 . Diagram of rabbit distal ulnae. The horizontal line segments within the bones represent the measurement pins. Total longitudinal bone growth in the distal ulna was determined from the change in distance T on serial radiographs. Metaphyseal growth was determined by the change in distance M. Epiphyseal growth was determined from the change in distance E.
FIG. 2.
Total longitudinal bone growth in the distal ulnae. The cartilaginous growth plate was excised from 4-week-old rabbits and reimplanted in the original bed in either the normal orientation or an inverted orientation. Pins were inserted proximal and distal to the growth plate as shown in Fig. 1 . The distance between pins was measured using weekly radiographs. Error bars, indicating the SEM, were omitted where smaller than symbol. growth; Fig. 2) . Thus, the growth plates survived the surgical procedure and remained functional.
Functional polarity of growth
Normally, longitudinal bone growth results from elongation of the metaphysis, not the epiphysis (2, 3) . Similarly, in this study, the bones with noninverted growth plates showed primarily metaphyseal growth (metaphysis, 6.4 Ϯ 0.4 mm; epiphysis, 0.8 Ϯ 0.3 mm; P Ͻ 0.01; Fig. 3A) . In contrast, in the distal ulnae with inverted growth plates, bone growth was primarily due to elongation of the epiphyses (epiphysis, 3.8 Ϯ 0.5 mm; metaphysis, 0.2 Ϯ 0.1 mm; P Ͻ 0.02; Fig. 3B) . Therefore, the functional polarity of growth was determined by the polarity of the growth plate cartilage, not by the polarity of the surrounding bone.
Histology
To investigate the underlying mechanisms, the distal ulnae were prepared for histological examination 3 weeks after surgery. The noninverted growth plates maintained normal spatial polarity and architecture showing the three typical chondrocyte zones (n ϭ 4; Fig. 4E ). Thus, resting chondrocytes were found irregularly arranged in a bed of cartilage matrix near the epiphyses. More proximally, proliferative chondrocytes were organized in columns parallel to the long axis of the bone. Hypertropic chondrocytes were found adjacent to the metaphyses. The polarity and architecture of the adjacent bone also appeared normal (Fig. 4, A, C, and G) . The epiphyses contained mature trabeculae, whereas the metaphyses showed columns of cartilage partially transformed into bone.
The cartilaginous growth plates that had been surgically inverted maintained an inverted polarity (n ϭ 4; Fig. 4F ). Resting chondrocytes were observed adjacent to the metaphyses. More distally, proliferative chondrocytes were found in organized columns. Hypertropic chondrocytes were found adjacent to the epiphyses.
The polarity of the adjacent bone reversed during the 3 weeks following surgery (Fig. 4, B and D) . The epiphyses contained columns of cartilage lined by osteoblasts and partially transformed into bone (Fig. 4, D and H) . Multinucleate osteoclasts and prominent blood vessels running parallel to the columns, both elements typical of endochondral bone formation (2, 3, 6), were also observed in the epiphyses (Fig.  4H) . Conversely, the metaphyses had transformed into trabecular bone lacking any histological evidence of endochondral bone formation (Fig. 4D) .
Time course
To assess the time course of the bone transformation, distal ulnae were examined histologically 1 and 2 weeks after the surgical procedure. In the ulnae containing inverted growth plates, invasion of metaphyseal bone into growth plate was never observed. One week after surgery, patchy invasion of blood vessels and bone cells from the epiphysis had begun (n ϭ 4). By 2 weeks, invasion from epiphysis was occurring all along the bone-cartilage interface (n ϭ 3). In ulnae with noninverted growth plates, the invasion from metaphysis showed a similar time course (n ϭ 4 at 1 week; n ϭ 2 at 2 weeks).
Discussion
In this study, the cartilaginous growth plates were surgically excised from the distal ulnae of 4-week-old rabbits, inverted, and reimplanted in their original beds. Thus, cartilage spatial polarity was reversed relative to the polarity of the surrounding bone. During the 3-week period of observation following surgery, longitudinal bone growth occurred, indicating that the growth plates remained functional. The longitudinal bone growth occurred at the epiphyseal, rather than the normal metaphyseal, surface of the growth plate. Thus, the functional polarity of growth was determined by the polarity of the cartilage, not the bone.
The inverted polarity of the cartilaginous growth plate was maintained for at least 3 weeks. Histological examination showed hypertropic chondrocytes at the epiphyseal, not the metaphyseal, end of the proliferative columns. These hypertropic cells could not merely have been remnants of the hypertropic zone present before surgery. During active growth, these terminally differentiated cells are continually formed and replaced by bone elements (4). In the current study, the amount of epiphyseal elongation (3.8 mm) was approximately 20 times greater than the height of the hypertropic zone present before surgery (0.2 mm). Consequently, any hypertropic cells present before the inversion of the growth plate would have been replaced by bone. Therefore, hypertropic (terminal) differentiation (4) continued to occur after surgery, and the site of this hypertrophy matched   FIG. 3 . Metaphyseal and epiphyseal growth in the distal ulnae. After surgical excision and reimplantation of the cartilaginous growth plate, growth at specific sites was measured using weekly radiographs. Metaphyseal growth was determined from the change in distance between the metaphyseal pin and the growth plate, whereas epiphyseal growth was determined from the change in distance between the epiphyseal pin and the growth plate as depicted in Fig. 1 . A, Noninverted growth plate; B, Inverted growth plate. Error bars, indicating the SEM, were omitted where smaller than symbol.
the polarity of the cartilage, not the surrounding bone. These findings indicate that cartilage polarity is determined by mechanisms intrinsic to the cartilage and not by signals from the surrounding bone or soft tissues.
It is conceivable that the small remnants of epiphyseal bone that remained attached to many cartilage autografts could have helped maintain cartilage polarity. However, it seems unlikely that signals from these inconsistent remnants alone could have directed cartilage polarity while all the other bone remained in an opposing polarity. It is also conceivable that signals from surrounding bone would have influenced cartilage polarity if the bone had not itself switched polarity. However, even 1 week after surgery, before bone polarity had reversed, there was no histological evidence of reversed polarity in cartilage.
The rate of longitudinal growth was decreased in the inverted growth plates compared with that in the noninverted growth plates. Thus, the relative polarity of the adjacent bone does influence cartilage growth rate even though it does not influence cartilage polarity. This decreased growth rate could be related to paracrine factors produced by bone or could reflect diminished oxygen and nutrient support for the inverted cartilage autograft.
PTH-related protein (PTHrP) may be one of the molecular signals governing growth plate cartilage polarity. PTHrP inhibits hypertropic differentiation of growth plate chondrocytes (11) . In mice lacking PTHrP, the hypertropic zone does show some spatial disorganization with interspersed nonhypertropic cells. However, in these mice overall polarity is maintained, indicating that PTHrP is not the sole factor responsible for growth plate cartilage polarity.
Vortkamp et al. have proposed that PTHrP is expressed in the periarticular perichondrium and acts on the growth plate to negatively regulate hypertropic differentiation (11) . This model provides a possible explanation for spatial polarity of growth plate cartilage; proliferative chondrocytes farther from the articular surface would see a lower concentration of PTHrP, and thus undergo hypertropic differentiation. However, that explanation is not consistent with our finding that the polarity of hypertropic differentiation is independent of the surrounding bone structure. The model was based on experiments performed in embryonic chicks and mice and may not apply to the postnatal growth plates of larger mammals in which PTHrP from the periarticular perichondrium would need to diffuse several centimeters through epiphyseal bone and bone marrow to exert a paracrine effect on the growth plate. However, PTHrP may also originate within the growth plate itself (12) and thus might be involved in the cartilage-intrinsic mechanisms suggested by our studies.
After surgical inversion of the growth plate, the polarity of the adjacent bone reversed to match the polarity of the cartilage. Adjacent metaphysis transformed into mature trabecular bone. Adjacent epiphysis transformed into an area of active endochondral bone formation. Thus, invasion of the cartilage by blood vessels and bone cells ceased in the metaphysis and arose in the epiphysis. These findings strongly suggest that the structural and functional polarity of the bone is determined by signals from the cartilaginous growth plate.
This signal could originate in the hypertropic zone and serve to attract angiogenesis and ossification from the adjacent bone. As blood vessel invasion slightly precedes bone cell invasion, this factor might stimulate angiogenesis directly, and the angiogenesis might secondarily induce ossification. One candidate molecule for this putative factor is fibroblast growth factor-2. We have previously demonstrated that fibroblast growth factor-2, which is expressed by growth plate chondrocytes (13) , can accelerate vascular invasion and ossification of growth plate cartilage in vivo (14) . Other candidates include transferrin (15) and a large angiogenic protein recently described by Alini et al. (16) . These proteins, which are chemotactic for endothelial cells, are produced by hypertropic chondrocytes.
The ability of hypertropic chondrocytes to induce bone formation, which we have demonstrated in the postnatal growth plate, may also be present early in skeletal development. The long bones form initially of cartilage. Hypertropic differentiation near the center of the cartilage templates is followed by blood vessel and bone cell invasion, suggesting that the same mechanisms coupling chondrogenesis and ossification may persist from embryonic through postnatal life.
We conclude that spatial polarity in the cartilaginous growth plate does not depend on external signals, but, rather, is maintained by mechanisms intrinsic to the cartilage itself. This cartilage polarity then determines the polarity of the adjacent bone and, consequently, the functional polarity of longitudinal bone growth.
